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Abstract
We analyzed the biochemical mechanisms involved in the liver glycogen repletion upon refeeding for 360 min in 48 and 96
h-fasted rats. In 48 h-fasted rats, the glycogen synthesis involved a rapid and further sustained induction of glucokinase (GK)
(increased twice from 90 min) and a rapid but transient activation of glycogen synthase a (GSa) (maximal increase by 150%
at 90 min). It did not involve the inhibition of glycogen phosphorylase a (GPa). In 96 h-fasted rats, the glycogen repletion did
not involve the induction of GK for the first 180 min of refeeding. It involved a slow activation of GSa (maximal 150%
increase at 180 min) and a rapid inhibition of GPa (significant from 90 min, maximal 50% inhibition by 180 min). In both
groups of rats, there was a progressive inhibition of the glucose-6 phosphatase (Glc6Pase) activity (maximal suppression by
30% in both groups at 360 min). These results highlighted a key role for the inhibition of Glc6Pase activity in the liver
glycogen repletion upon refeeding. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction
Liver glucose-6 phosphatase (Glc6Pase) is a key
enzyme in glucose homeostasis, since it catalyzes
the last biochemical reaction of glycogenolysis and
gluconeogenesis [1,2]. Because the Km of the enzyme
in vitro (in the millimolar range) far exceeds the con-
centration of glucose-6 phosphate (Glc6P) in the liver
(50^200 nmol/g wet weight), it has long been believed
that only the variations in Glc6P concentrations con-
trol the substrate £ux through Glc6Pase [3]. How-
ever, recent evidence has accumulated that this en-
zyme, independently of its substrate, may play a
crucial regulatory role in the liver glucose release in
various situations, via mechanisms involving either
variations in gene expression [4^6] or modulations
of its enzymatic activity [7^10]. In this regard, the
¢rst indication that the inhibition of Glc6Pase activ-
ity might play a role in the suppression of hepatic
glucose production and in the liver glycogen reple-
tion after refeeding has been suggested by more than
10 years ago [11]. Our laboratory has then brought
up the ¢rst direct evidence that an inhibition of
Glc6Pase activity occurs during the post-prandial pe-
riod in fasted rats [12]. More recently, we have em-
phasized the putative role that insulin might play in
this phenomenon, via the activation of the phospha-
tidylinositol-3 kinase pathway [13,14]. During fast-
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ing, after a prior 48 h phase of glycogen depletion,
we previously reported that glycogen stores rebound
in the liver from the third day and that this could be
due to a di¡erential control of the basal Glc6Pase
£ux [9]. This might also suggest that the liver glyco-
gen metabolism is di¡erent in both situations. To get
further insight into the role of the inhibition of
Glc6Pase in the liver glycogen storage, we have
studied here the biochemical mechanisms involved
during a dynamic phase of repletion of glycogen
stores, i.e. during the refeeding in 48 and 96 h-fasted
rats.
2. Materials and methods
2.1. Refeeding experiments
Male Sprague-Dawley rats (IFFA CREDO, L’Ar-
bresle, France) weighing 180^200 g were housed for
3 days with free access to water and non-puri¢ed
chow diet [12]. Food was then withheld for a period
of 48 or 96 h. Unfed rats were refed with the same
non-puri¢ed chow diet for 90, 180 or 360 min. Rats
were given free access to water throughout the ex-
periment. They were anaesthetized with a single in-
jection of pentobarbital (70 mg/kg body weight). The
abdomen was rapidly incised to expose the liver
which was rapidly freeze-clamped at liquid nitrogen
temperature. The rest of the liver was removed and
weighed. The frozen liver was stored at 380‡C and
used for the determination of metabolite concentra-
tions and of enzymatic activities. Blood was collected
for the assay of plasma glucose, insulin and gluca-
gon. All animals used in this study were handled
according to the rules de¢ned by our local ethic com-
mittee for animal experimentation. Anaesthetized
rats were rapidly killed by heart excision after liver
and blood sampling.
2.2. Assay of enzymes and metabolites
Small pieces of freeze-clamped liver (to a total
mass of 100^200 mg) were taken randomly, reduced
in powder at liquid N2 temperature and homogenized
rapidly by sonication in 0.25 M sucrose, 10 mM
HEPES, pH 7.3. Speci¢c Glc6Pase activity was im-
mediately determined as previously described [12,15].
Glucokinase (GK) and hexokinase (HK) were as-
sayed in 10 000Ug supernatants of liver homogenates
by the colorimetric method of Bontemps et al. [16].
Glycogen synthase a (GSa) was determined in total
liver homogenates by the incorporation of UDP-
[U-14C] glucose in glycogen [17]. Glycogen phospho-
rylase a (GPa) was assayed in whole liver homoge-
nates in the direction of glycogen synthesis as de-
scribed by Hue et al. [18]. The results are expressed
as the total enzyme activities in Wmol of substrate
transformed per min per g of wet liver at 30‡C.
Glc6P was measured according to Lang and Mi-
chal [19]. Glycogen was determined as described by
Keppler and Decker [20]. Protein was assayed by the
Lowry method [21] with bovine serum albumin as a
standard.
2.3. Determination of plasma hormones and
metabolites
Plasma immunoreactive insulin and glucagon were
assayed by radioimmunoassay [22,23]. Plasma glu-
cose was determined according to Bergmeyer et al.
[24]. Statistical analysis was performed by ANOVA.
Statistical di¡erences were tested using the t test of
Student-Fisher for unpaired data.
3. Results
The e¡ects of refeeding on the evolution of body
and liver weights and on the concentration of protein
in the liver are given in Table 1. There was a pro-
gressive increase in both the body and liver weights
as refeeding was ongoing. These weight gains were
very similar in both groups: +12% and +11% for
body weight gains after 360 min in 48 and 96 h-
fasted rats, respectively, +27% in both groups for
liver weight gains, without attaining the pre-fast val-
ues, however (Table 1). Refeeding was also charac-
terized by a progressive rehydratation of the liver
(due to glycogen repletion, see below), resulting in
a progressive decrease in the liver protein concentra-
tion. The latter decrease was quite similar in both 48
and 96 h-fasted rats: minus 17% at the end of the
refeeding period (Table 1). This warranted the valid-
ity of the comparison between 48 and 96 h-fasted
rats relating to the evolution of other hepatic param-
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eters. The liver protein concentrations after the re-
feeding period were not di¡erent from the pre-fast
values determined in fed rats (Table 1).
Both groups of unfed rats had comparable very
low plasma glucose (about 6 mM) and insulin (about
90 pM) before refeeding. Plasma glucose was in-
creased to about 11 mM and plasma insulin to about
350 pM in both 48 and 96 h-fasted rats from 90 min
of refeeding. Plasma glucose then tended to decrease
at the end of the refeeding period (to about 9 mM)
whereas plasma insulin remained constant through-
out this time. In contrast, plasma glucagon (about
300 ng/l in both groups of fasted rats) was not al-
tered upon refeeding in 96 h-fasted rats, whereas
a weak (by about 25%) but signi¢cant (P6 0.05) de-
crease was observed at the end of refeeding in the
48 h-fasted group. As a consequence, the insulin/
glucagon ratio was signi¢cantly increased about
three times by refeeding and was not further signi¢-
cantly altered as refeeding was ongoing (data not
shown).
The liver glycogen content of 48 h-fasted rats was
very low before refeeding. In contrast, the liver of 96
h-fasted rats contained a three times higher amount
of glycogen: 4.6 þ 0.2 vs. 1.4 þ 0.5 mg/g net weight,
means þ S.E.M., n = 6 (Fig. 1). This was in good
agreement with our previous results [9]. Upon refeed-
ing, the repletion of glycogen stores was almost lin-
ear in both groups up to 180 min. It was however
less rapid in 96 h-fasted rats than in 48 h-fasted rats
since the liver glycogen content in the former group
was 18% lower than that in the latter at 180 min
(Fig. 1). Glycogen repletion was less rapid in the
second phase of refeeding (180^360 min). There
were no longer di¡erences in the glycogen stores in
both groups at the end of the refeeding period. The
glycogen contents attained at this time were quite
similar to those observed in fed rats (Fig. 1).
The basal liver Glc6P concentration was signi¢-
cantly higher in 96 h-fasted rats than in 48 h-fasted
rats (Fig. 1). This was in agreement with previous
data [9]. The Glc6P contents tended to be weakly
increased in both groups in the course of refeeding,
but a signi¢cant 70% higher Glc6P content in com-
parison with basal Glc6P was only observed in the 48
h-fasted group at the latest time of refeeding (Fig. 1).
The ¢nal Glc6P contents tended to be lower (not
statistically signi¢cant) than those in rats prior to
fasting.
In keeping with our previous results [12], the liver
Glc6Pase speci¢c activity (about 12 Wmol/min/g be-
fore refeeding) was progressively inhibited during the
refeeding period (to about 8 Wmol/min/g). The inhibi-
tion was however 17% less in the 96 h-fasted group
than in the 48 h-fasted group at 180 min (Fig. 1). On
the other hand, there was no more di¡erence at the
end of the refeeding experiment. Noteworthy, the
Glc6Pase activity at the end of the refeeding period
was in both groups very close to Glc6Pase activity
determined in fed rats.
The GK activity was rapidly induced twice at the
¢rst time of refeeding in 48 h-fasted rats and was
further induced at later times (Fig. 1). This was in
agreement with previous published data [25]. In con-
trast, GK was not induced for 180 min and was only
induced twice at the end of the refeeding period in
the 96 h-fasted group (Fig. 1). The ¢nal GK activity
in both groups was approximately twice less than the
Table 1
E¡ect of fasting and refeeding on body weight, liver weight and liver protein concentration
Refeeding time
(min)
Body weight (g) Liver weight (g) Liver protein concentration
(mg/g)
Fed 48 h fast 96 h fast Fed 48 h fast 96 h fast Fed 48 h fast 96 h fast
0 186 þ 3.0 151 þ 1.3 136 þ 3.6 8.4 þ 0.3 5.25 þ 0.2 4.33 þ 0.1 143 þ 7 177 þ 8 183 þ 4
90 164 þ 1.6a 145 þ 2.4 5.37 þ 0.3 4.72 þ 0.2 160 þ 6 171 þ 5
180 164 þ 2.1a 151 þ 2.4a 5.63 þ 0.2 4.95 þ 0.2a 156 þ 6 156 þ 8a
360 169 þ 2.1a,b 151 þ 2.4a,b 6.68 þ 0.2a,b 5.53 þ 0.2a,b 147 þ 5a 152 þ 9a
Results are the means þ S.E.M. (n = 6).
aSigni¢cantly di¡erent from the value at time 0, P6 0.05.
bSigni¢cantly di¡erent from fed value, P6 0.05.
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GK activity determined prior to fasting. HK was not
signi¢cantly altered by fasting and at any time
throughout the refeeding, irrespective of the prior
fasting time.
GSa was rapidly activated by 150% from the ¢rst
refeeding time in 48 h-fasted rats. However, this ac-
tivation e¡ect was transient since GSa then progres-
sively fell to a level close to its starting basal fasting
level (Fig. 1). In contrast, the activation of GS was
slow in 96 h-fasted rats since a signi¢cant increase in
the GSa activity was only reached after 180 min of
refeeding. The GSa activity then plateaued up to the
end of refeeding (Fig. 1). The values at the end of
refeeding in both groups remained signi¢cantly dif-
ferent from that in fed rats.
The GPa activity was not altered upon refeeding in
48 h-fasted rats. In marked contrast, the activity of
GPa was rapidly decreased by 30% from 90 min in
the 96 h-fasted group and by 50% after 180 min. The
GPa-inhibited state was then maintained up to 360
min (Fig. 1). The ¢nal GPa activities were both dif-
ferent from the activity determined in fed rats.
Fig. 1. E¡ect of fasting and refeeding on the liver metabolites and enzymes involved in glycogen metabolism. All values are expressed
by g of wet liver. The results are expressed as the means þ S.E.M. of six animals at each time. The symbol * means that the value is
signi¢cantly di¡erent from the corresponding fasting value (P6 0.05). Signi¢cant di¡erences between the 48 and 96 h values are indi-
cated in the di¡erent panels where appropriate.
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4. Discussion
In the present work, we have examined the key
biochemical parameters involved in the repletion of
liver glycogen in 48 and 96 h-fasted rats. In apparent
discrepancy with the hypothesis underlying this
work, i.e. that the intrahepatic mechanisms might
be di¡erent in both types of fasted rats, there was
only a subtle di¡erence in the time course of reple-
tion which was slightly delayed in 96 h-fasted as
compared to 48 h-fasted rats. However, in agreement
with the hypothesis, the biochemical mechanisms in-
volved in the repletion exhibited marked di¡erences.
In 48 h-fasted rats, glycogen synthesis involved a
rapid and further sustained induction of GK and a
progressive and lasting inhibition of Glc6Pase activ-
ity. In contrast, it involved a rapid, but only transi-
ent, activation of GS, since the GSa activity was not
di¡erent from the basal GSa activity after 6 h of
refeeding. At this time, the increased concentration
of Glc6P might play the key role in the glycogen
repletion (‘push’ mechanism). On the other hand,
the rapid activation of GSa at 90 min is in agreement
with a ‘pull’ mechanism operating at this time, as
previously suggested to occur during the early phase
of glycogen repletion after glucose gavage in 20 h-
fasted rats [11]. The GPa activity was not decreased
throughout the refeeding period. These results thus
strongly suggest that the activation of GS is not nec-
essarily dependent on the prior inhibition of GP.
This is at variance with the previously suggested
mechanism of liver glycogen synthesis in rodents
[26], but in keeping with recent results in human
[27]. The rapid induction of GK also suggests that
a signi¢cant part of glycogen deposited in the liver
during refeeding in 48 h-fasted rats may arise from a
direct pathway, i.e. from glucose to glycogen, in ad-
dition to that arising from gluconeogenic origin,
namely the indirect pathway, e.g. from lactate to
glycogen [28,29].
In 96 h-fasted rats, as in their 48 h counterparts,
the repletion of glycogen stores involved the inhibi-
tion of Glc6Pase. In contrast, it did not involve the
induction of GK for the ¢rst 180 min of refeeding. A
signi¢cant increase in GK activity was observed after
360 min only. Noteworthy, the time course of acti-
vation of GS was signi¢cantly lenghthened with re-
gards to that of the 48 h-fasted group. The most
striking di¡erence was related to the e¡ect of refeed-
ing on the GPa activity. At variance with the absence
of an e¡ect in the 48 h group, the GPa was rapidly
and substantially inhibited upon refeeding. It is in-
teresting to note that the absence of induction of GK
for 3 h strongly suggests that the bulk of glycogen
stored during the early period of refeeding in 96 h-
fasted rats likely arises from the indirect pathway.
It has been suggested that intrahepatic transloca-
tion mechanisms of GK and GS may occur in re-
sponse to the metabolic changes accompanying the
fasted to fed transition and participate to the regu-
lation of the glycogen repletion in this situation. On
the one hand, GK has been reported to translocate
from the nucleus to the cytosol in response to glucose
[30,31]. These changes are only observable in intact
cells and not in liver homogenates in which GK is
only found in a soluble form. Since GK is absent in
the livers from both 48 and 96 h-fasted rats [9] and
since we assayed GK in 10 000Ug supernatants from
liver homogenates, the rapid increase in the liver GK
activity in 48 h-fasted rats after refeeding may be
attributable to a rapid induction in the GK gene
expression, which does not occur in 96 h-fasted
rats. On the other hand, GS has been reported to
Fig. 2. Linear relationship between the glycogen content and
the Glc6Pase activity during refeeding in both 48 and 96 h-
fasted rats.
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translocate from the cytosol to the cell cortex in re-
sponse to glucose in isolated hepatocytes [32] or to
aggregate into clusters which, however, do not locate
with glycogen particles, during the fasted to refed
transition in vivo [33]. In contrast, the prior phases
of glycogen synthesis have far been demonstrated to
take place in close contact with the endoplasmic re-
ticulum in the liver in vivo [34]. In our opinion, the
extent to which the one or the other of these trans-
location mechanisms may participate to the regula-
tion of glycogen repletion in vivo is yet to be estab-
lished. So, we considered and studied the activation
of total GSa in whole liver homogenates.
It seems therefore obvious that there exists some
marked divergences between the biochemical mecha-
nisms of glycogen repletion in both types of fasted
rats. The di¡erences are particularly related to the
time course of induction of GK and of activation
of GS and to the occurrence or not of the inhibition
of GP. On the other hand, there is a parallelism in
the inhibitions of Glc6Pase activity as the refeeding
was ongoing. This inhibition is slightly less rapid in
96 h-fasted rats, since Glc6Pase activity remains by
17% higher than that of their 48 h-fasted counter-
parts at 180 min. Interestingly, the liver glycogen
content at this time of refeeding is also by 18% less
in the 96 h-fasted group than in the 48 h-fasted
group. Taken as a whole, these results strongly sug-
gest that the inhibition of Glc6Pase activity plays an
important role in the repletion of liver glycogen dur-
ing refeeding in the fasted states. Noteworthy, study-
ing the mechanisms of glycogen repletion by various
approaches in rats fasted for a shorter time than
those studied here (e.g. 20 h), McGarry and co-work-
ers previously inferred that an inhibition of Glc6Pase
activity should occur during the repletion of liver
glycogen [11,28,29]. The evidence obtained was indi-
rect. The data provided herein bring up direct evi-
dence that such an inhibition actually occurs and
plays a key role in the glycogen repletion in rats
fasted for various times and exhibiting markedly dif-
ferent capacities in terms of glycogen metabolism.
The most astonishing result has appeared to be
that this role may be as crucial (maybe more) as
that of the variations in GS, GP and GK activities.
In agreement with the latter proposal, considering
both groups together, there exists a tight correlation
between the glycogen content and the Glc6Pase ac-
tivity at a given time: R2 = 0.98, P6 1034 (Fig. 2).
The mean amount of glycogen deposited between
two time points is also strongly correlated with the
mean Glc6Pase activity observed during the same
time interval (not shown). On the other hand, the
glycogen content is less tightly correlated with the
Glc6P concentration and the GK activity
(R2 = 0.85, P6 0.01 and R2 = 0.82, P6 0.05, respec-
tively), whereas there does not exist any correlation
between the glycogen content and either the GSa or
the GPa activities (not shown). The results presented
herein thus further document in vivo the crucial reg-
ulatory role of Glc6Pase in liver glucose metabolism
during the post-prandial period.
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